Ϫ and D 2 are investigated over the collision energy range from 0.27 to 0.67 eV by the method of crossed molecular beams. The angular and energy distributions measured for the isotope exchange reaction are quite similar at all collision energies, indicating that the collision dynamics are relatively insensitive to energy over this range. Although the exchange reaction involves the formation of an intermediate complex ion in which bond rearrangement takes place, the OD Ϫ products are primarily backward scattered with only low intensity scattering appearing in the forward direction. The forward scattered products do contribute proportionately more intensity to the complete differential cross section as the collision energy increases, suggesting that both direct and collision complex mechanisms are responsible for reaction. The angular distributions are interpreted in terms of the osculating model for chemical reaction occurring in a fraction of the rotational period of the intermediate complex, augmented by a small forward scattered direct component. This model suggests that the complex lifetime is approximately 150 fs at 0.27 eV. When the OD Ϫ product is backward scattered, little internal energy is found in either product. A simple impulsive model explains the lack of internal excitation based on the geometry of the transition state of the complex. More of the available energy is deposited into product internal modes when the intermediate complex lives longer and OD Ϫ is forward scattered. The collision energy can be redistributed into bending modes of the complex, which impart angular momentum to the fragments when the complex dissociates. The recoil energy distributions for the nonreactively scattered OH Ϫ show strong similarities to the reactively scattered OD Ϫ distributions and are useful in probing the origin of the product rotational excitation. Structure in the recoil energy distributions corresponding to inelastically scattered OH Ϫ indicates the preferred deposit of available energy into specific rotational modes.
INTRODUCTION
Gas phase isotope exchange reactions have been used for many years to probe the details of chemical reaction mechanisms and to examine the nature of the potential energy surfaces associated with these reactions. [1] [2] [3] [4] [5] [6] [7] [8] [9] More specifically, isotope exchange has served as a tool for assigning ion structures, [10] [11] [12] determining vibrational zero point energies and relative bond strengths, 13 and investigating relative acidities of specific types of hydrogens in carbanions. 14 In recent years, the technique has also been incorporated into the study of elementary processes occurring at both solid and liquid surfaces. [15] [16] [17] Isotope exchange reactions in ion-molecule systems generally involve the formation of an intermediate complex in which bond rearrangement takes place. The lifetime against unimolecular dissociation of this complex must be long enough to permit some degree of isotopic mixing. 13 An exchange reaction is nearly thermoneutral; any enthalpic effects are related to the differences in the vibrational zero point energies and the recombination energies of reactants and products. These effects are most pronounced in hydrogen-deuterium exchange reactions where the large mass change that occurs in the molecule leads to significant differences in the bond vibrational energies. 13 A detailed investigation by Grabowski et al. 5, 18 into the exchange of the hydroxide anion with hydrogen molecules led to the discovery of an interesting isotope effect; OH Ϫ was found to exchange with D 2 twice as fast as OD Ϫ exchanges with H 2 . The effect may be explained through a consideration of the potential energy surfaces. The isotope exchange reaction between the hydroxyl anion and deuterium takes place on a triple well potential surface:
and is exothermic by 0.024 eV. 19 In contrast, the effects of isotopic substitution on the related reaction of OD Ϫ ϩH 2 make it endothermic by 0.017 eV. 19 The charge-induced dipole attraction between OH Ϫ and D 2 leads to the formation of a weakly bound ion complex. These attractive forces are not nearly strong enough to permit the ϳ0.43 eV endothermic proton transfer process if the reaction were controlled only by the relative proton affinities of OH Ϫ and D Ϫ . 18 However, deuterium transfer occurs because the complexation energy increases as the solvating species is transformed from a͒ Author to whom correspondence should be addressed. the poorly solvating D 2 to HOD, a polarizable molecule with a permanent dipole moment. This increase in energy more than offsets the loss caused by converting to a stronger base.
From the HOD•D
Ϫ complex the favored reaction path is on to separated OD Ϫ ϩ HD. First, free rotation in the intermediate yields DOH•D
Ϫ . An internal proton transfer within this species reforms the first intermediate as DO
Ϫ
•DH, which separates to yield the reaction products OD Ϫ ϩHD. 20 The isotope effect between the two systems arises from the fact that in the OD Ϫ ϩH 2 system the favored pathway from DOH•H Ϫ is back to reagents without exchange. That is, while OH Ϫ ϩD 2 is more apt to go on to exchange, OD Ϫ ϩH 2 tends to go back to the nonexchanged reagents.
The overall rate constant for the exchange reaction in OH Ϫ ϩD 2 was reported by Grabowski and co-workers 5 as 0.68ϫ10 Ϫ10 cm 3 molecule Ϫ1 s Ϫ1 ; the corresponding reaction efficiency is 0.06. Viggiano and Morris 21 also determined the rate constant for this exchange reaction via a variable temperature-selected ion flow tube study. Their value of 1.12ϫ10 Ϫ10 cm 3 molecule Ϫ1 s Ϫ1 is approximately 60% larger than the one reported by Grabowski and co-workers. In addition, they found a strong negative dependence of the rate on the D 2 rotational temperature similar to that observed previously by Meot-Ner et al. 22 The intermediate H 3 O Ϫ anion, first observed by Paulson and Henchman 23, 24 in 1982, has been the subject of extensive ab initio [25] [26] [27] [28] [29] and experimental [30] [31] [32] studies to determine its structure and reactivity. Early work by Kleingeld and Nibbering 30 provided evidence that H 3 O Ϫ is a relatively long-lived species in the gas phase, best described as corresponding to a water-solvated hydride ion. The theoretical work agrees well with the experimental findings; calculations show a fairly flat potential energy surface that contains two low-lying structures of the anion. A schematic diagram of the potential energy surface is presented in Fig. 1 . The watersolvated hydride structure is the global minimum, lying 0.325 eV below the OH Ϫ ϩH 2 reagents and 0.787 eV below H Ϫ ϩH 2 O; the weakly bonded OH
•H 2 structure is 0.085 eV higher in energy than the water-solvated hydride structure. The barrier to interconversion between these two forms of the anion is 0.165 eV. 32 The optimal geometry of HOH•H Ϫ is bent; that is, the OHH Ϫ angle is not linear. The interaction between H Ϫ and H 2 O produces significant distortions in the bond lengths and angle compared to the structure of free water. The OH bond directed to the H Ϫ elongates by 0.073 Å and the other shortens by 0.002 Å, while the HOH angle decreases by several degrees. 26 Recent calculations have determined that the OH Ϫ •H 2 structure is also bent with an HOH angle of approximately 135°. 27, 29, 32 However, the bending potential is very flat in the OH Ϫ •H 2 well; the minimum energy geometry lies only 0.02 eV below the linear structure. 32 The C 2v structure of the anion in which the hydride symmetrically bridges the two water protons has been found to be a transition state that lies 0.155 eV above the hydride-water minimum. 27 Finally, the vibrational frequencies have been calculated for H 3 O Ϫ by several groups. 26, 27, 29 Frequencies of 3917, 2712, and 1699 cm Ϫ1 are associated with vibrations within the water molecule and frequencies of 1010, 672, and 547 cm Ϫ1 correspond to relative motions of the hydride-water units.
We present a crossed beam study of the OH Ϫ ϩD 2 isotope exchange reaction at three collision energies between 0.27 eV and 0.67 eV. The crossed beam technique is well suited to the investigation of reactions occurring on multiple minimum surfaces, particularly for examining the nonreactive flux originating from intermediate complexes. The reactants in a beam experiment are prepared with precisely defined initial energies and directions. If the collision is inelastic and the initial energy is redistributed in the complex, the recoil energy distribution of the regenerated reactants will be broadened and shifted to energies lower than the incident energy. This redistribution of initial translational energy serves as a probe of the intramolecular dynamics in the entrance channel. Likewise, the kinetic energy distributions of the reaction products provide data about the exit channel on the potential surface. Translational energy distributions and angular distributions for both reactive and nonreactive scattering have been measured. The results are discussed in terms of the reaction mechanism and the potential energy surface.
EXPERIMENT
This study was performed using the method of crossed beams; the experimental apparatus has been described in detail in previous papers. 33 A brief summary will be provided here, highlighting the details specific to this work. The OH Ϫ ions were generated in a two-step process in the source block. Electron impact on a mixture of CO 2 and NH 3 at a pressure of approximately 0.01 Torr yielded O Ϫ ions that rapidly abstracted hydrogen atoms to form hydroxide ions. The OH Ϫ ions were then shaped into a beam by a magnetic mass spectrometer. Experiments were performed at center of mass collision energies of 0.27, 0.42 and 0.67 eV; this required ion beams with laboratory energies of 1.05, 1.84, and 3.15 eV, respectively. The ion beam laboratory energy distribution was nearly triangular in shape with a full-width at half-maximum of ϳ0.25 eV. The neutral beam was produced by expanding 415 Torr of D 2 at room temperature through a 0.07 mm nozzle. The beam was collimated to 2.0°with a 1.0 mm electroformed skimmer and a 3.5 mm square aperture. A tuning fork chopper modulated the beam at 30 Hz to provide the synchronization for the experiment. Scattered products were energy and mass selected using a rotatable electrostatic energy analyzer with a laboratory resolution of 0.07 eV in conjunction with a quadrupole mass filter. A dual microchannel plate ion detector accomplished actual product detection. Data were collected with a computer-controlled multichannel scalar synchronized with the beam modulation. At the beginning and end of each experiment, the energy scale was calibrated by resonant charge transfer from NO Ϫ , produced by electron impact on N 2 O, to NO expanded supersonically in the crossed beam. This calibration procedure generated a reference marker at the energy of the NO neutral beam, ϳ0.09 eV. Any experiments in which the energy of the primary ion beam drifted by more than 0.05 eV were discarded.
At each collision energy, laboratory kinetic energy spectra were obtained for both reactively and nonreactively scattered products. The reactively scattered products were measured at 10 to 15 fixed laboratory scattering angles. Each energy spectrum consisted of either 80 or 120 points, with typical energy bin widths of 0.016 to 0.026 eV. This procedure resulted in data sets consisting of approximately 1200 data points covering laboratory velocity space. The relative intensity of the ion beam reduced the range of laboratory angles at which reliable nonreactive scattering could be obtained; kinetic energy distributions were measured for 5 to 7 fixed laboratory angles. Data sets consisted of approximately 600 points.
RESULTS AND ANALYSIS
The data analysis program attempts to recover the unique center of mass cross section I c.m. (u,͒ from the laboratory data. This procedure is accomplished by transforming the laboratory flux distributions to the center of mass coordinate system with a pointwise iterative deconvolution procedure. 34 The energy-independent differential cross section I c.m. (u,) is recovered from the lab data by inverting the transformation relation ͑2͒ with concomitant removal of the dispersion in beam velocities:
The summation extends over a grid of N Newton diagrams that represents the dispersion in beam velocities and intersection angle; the ith diagram is weighted by the value f i . To provide a thorough average over the dispersion in initial conditions, a grid of 125 Newton diagrams was used, comprised of five velocities for each beam and five intersection angles. The extracted center of mass cross section, when transformed back to the laboratory coordinate system with suitable averaging over the beam widths, regenerates the experimental data within an average standard deviation of 5%. The center of mass intensity distribution I c.m. (u,) generated this way is intrinsically nonseparable in the variables u and .
OH À ¿D 2 reactive scattering
Representative scattering data for the OD Ϫ isotope exchange product at a relative collision energy of 0.27 eV are shown in Fig. 2 . While these data were acquired as a function of laboratory energy, they have been transformed to velocity space as appropriate to the Newton kinematic diagram, which is also plotted. The calculated laboratory distributions resulting from the iterative deconvolution procedure are provided to compare to the experimental data. In Figs. 3-5 , the center of mass flux distributions of the OD Ϫ reactive products are plotted as a function of the polar coordinates u and for the 0.27, 0.42, and 0.67 eV collision energies, respectively. Representing the product flux in this form permits qualitative assessment of the reaction dynamics. As evident from the figures, the center of mass flux distributions are nearly identical for the three collision energies. While low intensity scattering is observed in the forward direction, the OD Ϫ products are primarily backward scattered with respect to the direction of the incident OH Ϫ reagent. In the backward hemisphere, the peak at 180°is relatively sharp but significant scattering is observed over a broad angular range. The half-width of this peak is 45°at the lowest collision energy and narrows slightly as the energy is raised. Overall, the ratio of integrated intensities scattered in the forward and back-ward hemispheres is approximately 1.6 for all three collision energies, although the forward scattering component appears to sharpen with increasing collision energy.
The most probable kinetic energy release for each experiment corresponds to the formation of OD Ϫ products with little internal excitation. As shown in Figs. 3-5, the scattering intensity maxima in the forward and backward hemispheres fall nearly on the Јϭ0 circle designating the recoil energy of products formed without vibrational or rotational excitation. A closer examination reveals that at the lowest collision energies, the peak in the backward scattering appears just outside of this Јϭ0 boundary. The tight kinematics of this system, which arise from the disparity in the masses of the reactants, restrict the products to small regions of laboratory space. This condition, coupled with the dispersions in the beam velocities and collision angle and the finite resolution of the detector, often results in some flux appearing outside of the boundaries determined from energy conservation, especially at low energies.
The center of mass product flux distributions do not appear to show detailed structure corresponding to the excitation of any specific internal modes. However, there are subtle differences in the qualitative shapes of the flux distribution for forward and backward scattered products. It is instructive to examine the product kinetic energy distributions for the forward and the backward hemispheres separately. The distributions have been determined by integrating the center of mass flux over the range of angles from 0 to /2 for the forward scattered products and from /2 to for the backward scattered products. Explicitly, the energy distribution for forward scattered products is described as
where E T Ј represents the relative translational energy of the separating products. The distribution for backward scattered is marked for OD Ϫ products formed in the vibrational ground state in concert with HD products formed in an excited vibrational state. A product formed in a specific vibrational state with rotational excitation will appear at a lower kinetic energy.
At the lowest collision energy, the recoil energy distribution for forward-scattered products peaks at approximately 0.20 eV. When the products separate with this relative translational energy, conservation of energy dictates that the internal modes of the product molecules must contain nearly 0.10 eV of internal energy. No product vibrational levels are accessible at this relative collision energy so all of the internal energy present must be in the form of rotational energy. In the backward direction, the recoil energy distribution is peaked near the energy conservation limit. Therefore, on average, little energy is present in internal modes. At a collision energy of 0.42 eV the shapes of the recoil distributions in the two hemispheres look very similar to those for the 0.27 eV experiment. Again, the recoil distribution in the forward direction shows a maximum that corresponds to rotational excitation in the products. In the backward direction, the distribution is peaked at the energy conservation limit. There is another small peak at very low relative translational energy, which may correspond to OD Ϫ products formed with one quantum of vibrational energy. At the highest collision energy, significantly more structure is observed in the recoil distributions than at the lower energies. Well-resolved features in the data appear to correspond to OD Ϫ produced in the first and second excited vibrational states and formed in the ground vibrational state in concert with vibrationally excited HD products. These features appear in the recoil distributions for both the forward and backward hemispheres and are not merely artifacts of the integration procedure. Rather, consistent structure is found in the data over the range of scattering angles. In the backward hemisphere, an additional The concentric circles about the center of mass origin corresponds to the loci of points followed by OD Ϫ products when OD Ϫ and HD are formed in the specified vibrational states with no rotational excitation. feature appears at high recoil energies and, on average, the products show less internal excitation than in the forward direction, as was observed for the other two collision energies.
The angular integration of the center of mass product flux permits an estimation of the fraction of total energy that appears in product internal excitation. If no distinction is made between vibrational and rotational energy modes, this fraction, denoted f int Ј , is calculated for the entire distribution as
where ͗E T Ј͘ is the average value of the product translational energy and E total is the total energy accessible to the products. When the center of mass distribution is integrated over all angles f int Ј ranges between 0.45 and 0.47 for the three collision energies. Considering the two hemispheres separately, the value of f int Ј in the forward hemisphere is 35% larger than that in the backward hemisphere.
OH À ¿D 2 nonreactive scattering
Representative data for nonreactively scattered OH Ϫ at a collision energy of 0.27 eV are shown in Fig. 9 along with the appropriate Newton kinematic diagram. The bold superimposed circle represents nonreactive elastic scattering in which the kinetic energy of OH Ϫ is unchanged upon colliding with D 2 . As shown, the most prominent features in the scattering data correspond to elastic or nearly elastic scattering of OH Ϫ from D 2 . Other highlighted features in the data correspond to inelastically scattered OH Ϫ ; their positions are plotted on the kinematic diagram as well. This inelastically scattered OH Ϫ results from the decay of a ͓D 2 HO͔ Ϫ complex, which is formed under the influence of the attractive potential between the approaching species. Even in this brief analysis of the raw data, there appears to be consistent nonreactive scattering in the center of mass frame; the concentric circles represented by dashed lines on the kinematic diagram are approximate fits to the data.
Deconvolution of the experimental raw data helps to further expose the structure corresponding to inelastically scattered OH Ϫ , which is precluded by the resolution of the energy analyzer detector. Figure 10 contains examples of the barycentric recoil velocity data computed at specific center of mass scattering angles for the 0.27 eV experiment. The recoil velocity distributions determined from the deconvoluted data have been fit with a superposition of Gaussian functions to represent the range of internal states that are excited in the scattered products. As observed in the raw data, the nonreactive scattering at this energy does not appear
FIG. 6. Kinetic energy distributions for OD
Ϫ products scattered into the
collision energy of 0.27 eV. The total distribution is integrated over all center of mass angles. The vertical line corresponds to the kinetic energy that the OD Ϫ product would have if both products were formed in the ground vibrational and rotational state.
FIG. 7. Kinetic energy distributions for OD
Ϫ products scattered into the forward direction ͓ P F (E T Ј)͔ and the backward direction ͓ P B (E T Ј)͔ at a collision energy of 0.42 eV. The total distribution is integrated over all center of mass angles. The vertical lines correspond to the kinetic energy that the OD Ϫ product would have if it were formed in the specified vibrational level and both products were formed rotationally cold.
to show any strong angular dependence over the range of angles that we were able to study. In fact, when the peak positions of the Gaussian functions representing the nonreactive scattering are plotted on the corresponding Newton diagram, they fall almost exactly on the series of concentric circles that was used to fit the raw data. This indicates that the energy transfer in the complex is constant over barycentric scattering angles including most of the backward hemisphere and a portion of the forward hemisphere. The circle with the smallest radius corresponds to the recoil velocity of OH Ϫ formed in collisions that have transformed approximately 0.24 eV of relative translational energy into rotational excitation in the OH Ϫ and D 2 species. The two circles of larger radii correspond to the recoil velocity of OH Ϫ where 0.18 eV and 0.11 eV of translational energy have been converted into internal energy. There is some variation in the shape of the recoil energy distributions with scattering angle. The relative amount of high-energy scattering is greatest at angles near 180°; at angles in the sideways and forward direction there is especially strong low-velocity scattering.
A similar analysis has been performed on the nonreactive scattering at the other two collision energies. Figure 11 shows the center of mass recoil velocity distributions for OH Ϫ at a collision energy of 0.42 eV. The same degree of consistency seen in the data at the lower collision energy is not present here; however, there are similarities between the two sets of data. The general shapes of the recoil energy distributions resemble those for the 0.27 eV collision energy; the high-velocity scattering is dominant at angles in the backward direction, while significant low-velocity scattering appears in the forward direction. The scattering at low recoil velocities is the most consistent over the angular range studied, indicating that the process that yields highly internally excited products is not strongly angle dependent. The higher recoil velocity scattering corresponding to the formation of less internally excited product species appears to show some variation with angle. The forward and sideways directions show similar scattering but the scattering in the backward direction varies slightly, with products generally containing less internal energy. On the Newton diagram, the recoil velocity noted by the smallest dashed circle indicates inelastic scattering involving the transformation of approximately 0.41 eV of energy into internal modes of the products. The other two dashed line circles are fit to the data in the forward and sideways directions only. They describe the velocity of the OH Ϫ when 0.24 eV and 0.11 eV of energy is converted into internal modes during inelastic scattering. Throughout the angular range, peaks are also seen in the recoil distributions near the velocity that OH Ϫ would possess when the D 2 species was in the first excited vibrational state without any rotational excitation.
At the highest collision energy, the recoil distributions are again comparable to those at the lower collision energies, as shown in Fig. 12 . However, lower signal intensities prevented the acquisition of data over as large a range of scattering angles. Therefore, it is difficult to compare the recoil velocity distributions because at many angles they are incomplete. Angle-independent scattering is seen over a wide range again at low recoil velocities. Many of the center of mass angles show scattering corresponding to the transformation of approximately 0.63 eV, 0.56 eV, and 0.23 eV of relative translational energy into internal energy. The corresponding OH Ϫ recoil velocities are designated by the dashed line circles on the Newton diagram. There is also consistent scattering throughout the range at recoil velocities similar to those for vibrationally excited OH Ϫ products or ground state OH Ϫ products produced in conjunction with vibrationally excited D 2 . The finite resolution of the detector, coupled with the small uncertainty in the relative energy of the experiment, prevents a definitive assignment of the scattering to either mode.
DISCUSSION
The reactive and nonreactive scattering data provide important information about the nature of collisions between OH Ϫ and D 2 . The reactive scattering is discussed first, concentrating on the reaction mechanism and the energy partitioning in the products. The energy transfer in the nonreactive collisions is then examined, supplying further insight into the dynamics of this system and the potential energy surface that governs the interaction.
Reactive scattering
The similarities among the product flux distributions at all three collision energies reflect an underlying preferred reaction mechanism over this energy range. The angular distributions and the fraction of total energy in internal modes of the products are nearly identical in each of the experiments. This indicates that the reactive trajectories follow approximately the same paths across the potential surface, regardless of relative energy. The strong negative temperature dependence of the reaction rate constant measured by Viggiano and Morris 21 supports such an explanation; increased rotation in D 2 may disrupt the preferred alignment of the reagents and prevent the formation of the initial complex.
As described in the introduction, isotope exchange in this system proceeds on a triple well potential energy surface through the formation of an intermediate HOD•D Ϫ complex in which bond rearrangement occurs. The reaction coordinate diagram shown in Fig. 1 indicates that the electrostatically bound complexes identified as OH correspond to minima on the potential energy surface for reaction. The complexes are bound by 0.24 and 0.32 eV, respectively, with respect to the approaching reagents. A statistical Rice-Ramsperger-Kassel-Marcus ͑RRKM͒ calculation of the lifetime of the most strongly bound of these complexes, using ab initio estimates of the frequencies 29 suggests that at a collision energy of 0.27 eV, the complex lifetime is of magnitude 10 Ϫ13 s, on the same order of magnitude as the rotational period of the four-atom system. Because of the correspondence between complex rotational period and the lifetime estimated from a statistical model, it is reasonable to think of the zero-order collision dynamics in the OH Ϫ ϩD 2 system as based on the decay of a transient complex formed during the approach of the reagents. Thus, at energies below the minimum collision energy of the present experiments, where the complex lives many rotational periods, we would expect classically that the angular distributions for reactive or nonreactive decay of the collision complex are symmetric about /2 in barycentric coordinates. An increase in collision energy would eventually lead to flux distributions showing asymmetry with respect to /2, the precise form of which reveals information about preferred collision geometries that lead to products. The flux distributions shown in Figs. 3-5 show such an asymmetry with respect to the forwardbackward direction. This straightforward observation suggests that a short-lived collision complex model 35, 36 for chemical reaction, which embodies the transition from complex to direct collisions, is an appropriate context for discussing the dynamics. A closer inspection of the flux distributions also shows that although the backward scattered peak appears to dominate the dynamics even at the highest collision energy of 0.67 eV, a small forward peak gains in- FIG. 9 . Experimental data for nonreactively scattered OH Ϫ at selected laboratory angles along with the Newton kinematic diagram for a collision energy of 0.27 eV. Arrows point to structures in the data, which indicate the population of specific internal energy levels. The corresponding velocity is plotted on the Newton diagram. The dashed line concentric circles are approximate fits to the data. tensity with increasing collision energy. This point, discussed later in this section, suggests the presence of an second underlying, direct pathway to products that becomes relatively more important with increasing collision energy.
The high degree of asymmetry observed in the center of mass angular distributions suggests that the lifetime of this complex is short compared to its rotational period. In addition, the preferred approach of the reagents is at small impact parameters, as evidenced by the intense backward scattering. Since the oxygen atom is considerably more massive than the hydrogen and deuterium atoms, it is possible for the lighter atoms to rearrange rapidly about the oxygen atom, forming first the HO •HOD involves passage through the bifurcated transition state. Of course, quantum mechanical tunneling through this barrier may play a significant role in the reaction process in this system. These tunneling motions are extremely fast compared to the rate of movement of the oxygen atom. Therefore, the complex can rearrange before the oxygen atom changes position. If the intermediate complex decays promptly after the atomic rearrangement, the newly formed OD Ϫ product will recoil into the backward direction. The experimental data indicate that most reactive collisions proceed in a manner similar to this. A small number proceed through longer-lived intermediate complexes or at larger impact parameters and yield products scattered into the forward and sideways directions.
Based on the underlying transient complex decay dynamics suggested by the multiple minimum surface, the asymmetry in the barycentric angular distributions at the lowest collision energy permits an estimate of the collision complex lifetime within the ''osculating model'' for chemical reaction. 35, 36 This model involves convoluting the angular distribution for a long-lived collision complex with an angular-dependent ''falloff'' function that parameterizes the distribution of complex lifetimes through the ratio of the complex lifetime to its rotational period. The experimental angular distribution may then be compared to distributions for complexes decaying in a period of time comparable to a rotational period. 37 The angular distribution function may be written as
where the function g() long lived is an angular distribution function for the decay of a long-lived collision complex and is symmetric about ϭ/2. The falloff function F, which introduces the asymmetry into the angular distribution, depends on the scattering angle and the ratio of complex lifetime to rotational period R :
The usual form of the falloff function assumes that in the highenergy limit reactive products are forward scattered. However, the data for this particular reaction show mainly backward-scattered products. Using the above representation for the angular distribution asymmetry, the relationship between flux and rotational period is given by
͑7͒
This expression permits the angular distribution to peak at ϭ in the high energy limit and incorporates the fact that scattering angles that differ by factors of 2 are indistinguishable. 37 Applying Eq. ͑5͒ to the scattering data for the 0.27 eV experiment, we find that the backward-forward intensity ratio of 1.6 corresponds to a ratio R / of 2.1; that is, the complex lifetime is slightly less than half a rotational period. The rotational period R may be estimated from the total angular momentum for the H Ϫ ͑H 2 O͒ complex
The moment of inertia I of the complex, determined from the ab initio calculations of Chałasinśki et al., 26 is 9.9ϫ10
The value of J max , the maximum total angular momentum for the system, is obtained through the relation
Measurements of the total cross section for this reaction have not yet been reported. Instead, the value for at this collision energy is estimated from rate constant measurements of Viggiano and Morris 21 from the following relation:
At a collision energy of 0.27 eV, the total cross section is calculated to be 3.0 Å 2 , which leads to a value of 19ប for J max . This value for the total angular momentum results in a complex rotational period of 3.1ϫ10
Ϫ13 s and a correspond- ing lifetime of 148 fs. Other conformations of the H Ϫ ͑H 2 O͒ complex would necessarily have different moments of inertia. However, for species that vary only in the positions of the hydrogen atoms, the moments of inertia would not differ appreciably and the complex lifetimes would be very similar.
As noted above, the flux plots of Figs. 3-5 suggest that a small component of forward-scattered products, coming from a direct reaction, increases in intensity with collision energy. This contribution to the scattering must be removed before the osculating model is applied to the data to extract the complex lifetime from the angular distribution asymmetry. The experimental data do not allow this correction to be made uniquely. We do expect, however, that the correction should decrease in magnitude with decreasing collision energy. Because of the reasonable agreement between the RRKM-calculated lifetime and the rotational period implied by the angular distributions, we believe this correction is negligible at 0.27 eV and that the lifetime we compute is valid. The number of approximations and assumptions, both on the data and on the estimated rotational period, required to deduce lifetimes from the higher energy data does not justify the calculation.
The energy partitioning in the products is consistent with the reaction mechanism described above. When the intermediate complex is short-lived, OD Ϫ is scattered into the backward direction and most of the reaction energy is deposited into the translational modes. The time scale of reaction is not long enough to permit extensive transfer of the collision energy into internal modes of the complex. The simple impulsive energy release model described by Wilson and co-workers 38, 39 and extended by Tuck 40 for polyatomics provides a reasonable explanation for the low rotational excitation seen in the reaction products. This is especially true for the 0.27 eV experiment, which does not permit vibrational excitation of the diatomic products. In the impulsive model, it is assumed that the force needed to break apart the molecule is directed along the dissociating bond. The energy of the reaction is initially released as kinetic energy of the two atoms joined by the breaking bond. The final energy distribution in the separating fragments depends on the geometry of the transition state and the effects of energy and momentum conservation. 41 When the transition state geometry is bent, the repulsive force may create a torque on one or both fragments, which leads to product rotational excitation. The amount of torque is determined by the length of the lever arm in each fragment, that is, the distance between the point of impulse and the center of mass of the fragment. Since equal amounts of force are exerted on the two fragments, the rotational energy imparted to one fragment is independent of the other. 42 For the OH Ϫ ϩH 2 system, ab initio calculations have determined that the transition state geometry is bent, as shown in Fig. 13 . 29 A release of energy along the O-H bond will not impart significant torque to either the OH Ϫ or H 2 fragment. The center of mass of H 2 lies nearly along the line defined by the breaking O-H bond, and the center of mass of OH Ϫ is located very close to the O atom. Both facts limit the amount of torque exerted on the fragments, and, consequently, the rotational excitation.
The experimental data show evidence of greater total internal excitation in the products when the OD Ϫ product is scattered into the forward or sideways direction rather than in the backward direction. We have already noted that forward scattered product formed through a direct mechanism will likely have a nonstatistical distribution of internal energies. The angle-dependent energy distribution may also result from the decay of a short-lived complex that exists for some fraction of a rotational period. In doing so, there may be sufficient time for the collision energy to be redistributed by intramolecular vibrational energy transfer among the low energy bending and torsion modes in the complex. Since the release of energy along the reaction bond in the transition state would fail to excite either of the fragments rotationally, the observed product rotational energy must originate from these motions in the intermediate complex. The reaction coordinate of this system is symmetric when isotopic differences are ignored; that is, the reactants and the products are the same species and the entrance and exit channels of the potential surface are identical. Therefore, nonreactive scattering provides critical information about the transformation of bending motion in the intermediate complex into rotational motion of the products as well. This topic will be thoroughly discussed in the next section, incorporating the nonreactive data.
When vibrational modes are energetically accessible to the products, the release of energy is likely to create vibrational excitation in the H 2 fragment as the force acts nearly along the bond axis. For the reactive collisions studied, the experiment at 0.67 eV is the only one in which the system has enough energy to populate the Јϭ1 level in HD. The recoil energy distribution for OD Ϫ at this collision energy ͑Fig. 8͒ provides evidence for the excitation of this mode. A distinct peak is observed in the recoil distribution, which corresponds to the formation of OD Ϫ in the ground vibrational state and HD in the first excited state. On the other hand, no component of the repulsive force will act along the OD Ϫ bond axis when the energy is released with the complex in the transition state geometry. Since the experimental data at 0.67 eV show convincing evidence for the formation of vibrationally excited OD Ϫ products, another mechanism for OD Ϫ vibrational excitation must exist. Even if the complex were in a nearly linear configuration when the impulse was released, the mass difference between the O and the D atoms would limit the vibrational excitation caused by the repulsive release. The heavier O atom would recoil more slowly than the lighter D atom. Therefore, the normal bonding separation could be maintained, and the OD Ϫ fragment could recoil away from HD as a whole with mainly translational energy. 43 However, if the newly forming OD Ϫ bond is extended when the energy of the reaction is released, vibrational motion can develop as the OD Ϫ distance closes to its equilibrium bond length, regardless of the complex geometry.
Nonreactive scattering
Nonreactive scattering can result from direct encounters in which the trajectory strikes the inner repulsive wall of the potential energy surface and is deflected back, or from collisions in which only the long-range attractive forces are sampled. In both of these cases, little, if any, energy is transferred between the collision partners. Such nearly elastic scattering is evident in the nonreactive data for each of the three collision energies studied, and is especially prominent in the backward direction. In addition, nonreactive scattering can arise from the decay of a collision complex back to reagents. The incident translational energy is often redistributed in the complex, thus lowering the kinetic energy of the regenerated reagents. This inelastic scattering is of greatest interest in determining the intramolecular dynamics in the transient collision complex.
As mentioned earlier, nonreactive scattering provides important information on the mechanism of energy partitioning among the available modes in the reaction products. Since the reaction coordinate of this system is symmetric, the nonreactive and reactive products resulting from decay of the HOD•D Ϫ and DOH•D Ϫ complexes, respectively, should experience nearly the same forces in their particular exit channels and, thus, have similar internal modes excited. In fact, the recoil energy distributions for the reactively scattered OD Ϫ and the nonreactively scattered OH Ϫ show strong similarities. In both, there is little internal excitation in products scattered into the backward direction. The average recoil energy of the sideways-scattered OH Ϫ is slightly lower than that of the OD Ϫ at the same center of mass angles. In contrast, at angles in the forward hemisphere, the average recoil energy of the OH Ϫ is slightly higher than that of the OD Ϫ . These trends are especially evident for the 0.27 eV collision energy experiment; Fig. 14 tributions for both reactive and nonreactive scattering at this energy. Since the energy of the system is below the threshold for vibrational excitation in either product, a clearer picture of the mechanism producing rotational excitation in the products emerges. Therefore, the discussion will concentrate on the data from this collision energy.
The nonstatistical partitioning of the total available energy into rotational modes of the products must be controlled by a dynamical mechanism. As we have noted, a simple classical model which assumes that the available energy is released impulsively along the breaking bond at the transition state is inadequate. While the transition state geometry is strongly bent in the H-O-D angle, little torque is applied to either fragment. Instead, the rotational excitation in the products may stem from vibrational motion in the intermediate complex orthogonal to the reaction coordinate. Each bending mode, with its particular motion, imparts a unique distribution of angular momentum to the products when the complex dissociates, creating rotational motion in the products. 44 The rotational energy partitioning observed in the nonreactive products may be representative of a similar process that controls the H/D exchange dynamics of the OH Ϫ ϩD 2 system. The experimental nonreactive data show consistent bands of rotational excitation in the products throughout the full angular range. In the 0.27 eV experiment, the recoil energy distribution for the nonreactively scattered OH Ϫ is modeled by a superposition of Gaussian functions, which represent the ranges of rotational states excited in the scattered products ͑Fig. 10͒. Nearly identical ranges of rotational states are excited in the products at all angles, with only a small discrepancy in the backward direction.
The reaction coordinate diagram of Fig. 1 29 show that the lowest three modes are bending or torsion modes, and that their fundamentals, low overtones, and combination bands can be populated by the available energy. The torsion mode between the OH Ϫ and H 2 fragments has a frequency of 511 cm Ϫ1 , which corresponds to energy of approximately 0.063 eV. The other two vibrational modes are a wag at 1272 cm Ϫ1 ͑0.158 eV͒ and the H-O-H bend at 1465 cm Ϫ1 ͑0.182 eV͒. Of course, these modes will have slightly different frequencies in the OH Ϫ ϩD 2 system because of the isotopic mass differences; nonetheless, these frequencies are a reasonable guide. Since the spacing of the structures in the kinetic energy distributions of the products do not correspond to vibrations of the asymptotic products, we are tempted to look for correlations between the spacings of bending modes in the transition state and the product rotational excitation. In fact, the energy of the torsion mode matches the spacing in the products quite well. It is plausible that the conversion of this low-frequency motion into product rotational excitation is responsible for the structured product kinetic energy distributions we observe. The angular momentum imparted to the fragments from this mode would tend to produce rotational excitation both in OH Ϫ and D 2 . Since the zero point motion of all of the vibrational modes may also contribute to rotational excitation in the products, many possibilities exist for the source of all of the rotational excitation in the product molecules. 45 As the energy of the system increases, combination bands also become important. The higher energy nonreactive scattering shows similar energy steps in the recoil energy distributions; at these energies the other low-frequency modes may contribute significantly to product rotational excitation.
Some experimental and theoretical precedent for the suggestion that conversion of complex vibrational energy into product rotation is responsible for the observed product energy partitioning comes from studies of the OϩHCl reaction. Zare and co-workers have performed state-to-state FIG. 14. Barycentric recoil energy distributions at selected angles for both reactive and nonreactive scattering at a collision energy of 0.27 eV. The vertical line corresponds to the kinetic energy that the OD Ϫ product would have if both products were formed in the ground vibrational and rotational state.
pump-probe experiments on the reaction O( 3 P)ϩHCl(ϭ2, Jϭ1,6,9͒ →OH(Ј, JЈ)ϩCl( 2 P͒ and found a striking bimodal rotational distribution in OH(Јϭ0͒. 46 A low intensity peak occurs at JЈϭ10, followed by a dip in the distribution at JЈϭ11 and then a steep monotonic rise to the second peak at higher JЈ. The structure in the distribution is most pronounced when HCl is prepared in the ϭ2, Jϭ1 state; increased reagent rotation tends to smooth out the distribution. The dynamics of this reaction have also been studied on a recent potential energy surface through quasiclassical trajectory calculations by Ramachandran et al. 47 The calculations were able to reproduce the nonmonotonic behavior observed in the product rotational state distributions for reaction with HCl(ϭ2, Jϭ1͒. In the case of the HCl(ϭ2, Jϭ6͒ state, oscillations were observed in the rotational state distributions which were similar to those seen experimentally near a collision energy of 3 kcal/mol. However, these oscillations tended to be smoothed out when the distributions were averaged over the full range of collision energies studied. The O-H-Cl complex assumes a nonlinear configuration at the transition state and a more highly bent geometry in the exit channel minimum. This bending motion may be responsible for the significant rotational excitation imparted to the OH fragment upon dissociation of the complex. The energy dependence of the rotational distributions shows that reactive trajectories at low collision energies are primarily responsible for the shape of the distribution at lower JЈ.
There are some important differences between the OH Ϫ ϩD 2 and the OϩHCl systems. In the latter case, the bimodal rotational distributions come from two possible collision geometries, one mostly linear and the other strongly bent, which produce rotationally unexcited OH and excited OH, respectively. In the former case, even a strongly bent complex will yield little rotational excitation in the products upon dissociation because the fragments' centers of mass lie nearly along the direction of the force. The experimental data for OH Ϫ ϩD 2 do provide strong evidence that rotational excitation in the products likely comes from the vibrational modes of the complex, as the Ramachandran paper suggested for the OϩHCl system. However, it must be noted that the intramolecular dynamics in the exit channel minimum and any dynamical constraints in the dissociation channels of ͓OHD 2 Ϫ ͔ could disrupt any ''biases'' in the system that come from the transition state. Still, the structure in the data is very convincing that a dynamical mechanism is at work.
CONCLUSION
The experiments reported here have investigated the nature of reactive and nonreactive collisions in the OH Ϫ ϩD 2 system for collision energies between 0.27 and 0.67 eV. The isotope exchange reaction is insensitive to collision energy over this range; the angular and recoil energy distributions are very similar for all three energies. The OD Ϫ products are primarily backward scattered with a sharp peak at 180°, but scattering is observed over a broad angular range. In general, when the OD Ϫ is backward scattered, the products are formed with very little internal energy, but when OD Ϫ is forward scattered a greater degree of internal excitation is observed. This forward-scattered component, coming from direct collisions, increases in importance with increasing collision energy. The high degree of asymmetry observed in the center of mass angular distributions suggests that the lifetime of this complex is short compared to its rotational period. The reaction proceeds at small impact parameters, as evidenced by the intense backward scattering. Since the oxygen atom is considerably more massive than the hydrogen and deuterium atoms, rearrangement probably occurs by the rapid movement of the lighter atoms about the oxygen atom or through quantum mechanical tunneling. A simple impulsive model explains the lack of rotational excitation in the backward-scattered products. In the geometry of the transition state, little torque is applied to either fragment when the complex dissociates.
The recoil energy distributions for the nonreactively scattered OH Ϫ show strong similarities to the reactively scattered OD Ϫ distributions. This implies that much of the nonreactive scattering is from the decay of the HOD•D Ϫ complex. The observation of structure corresponding to inelastically scattered OH Ϫ in the 0.27 eV experiment indicates the preferred deposit of available energy into specific rotational modes. This nonstatistical energy partitioning has a dynamical basis. The rotational excitation in the products may stem from vibrational motion in the intermediate complex orthogonal to the reaction coordinate. When the intermediate complex dissociates, the vibrational modes impart an angular momentum to the product fragments.
To gain further insight into the dynamics of this system a detailed theoretical treatment is necessary. An accurate ab initio potential surface is needed to understand the relationship of the transition state to the products and the energy flow in the exit channel. Additional insight into the role of tunneling in this system and its effect on the reaction dynamics would be provided by further information on the widths of the barriers separating the potential minima on the surface. The present study should prove very useful for comparison to detailed quasiclassical trajectory calculations; we hope it stimulates such work.
